A variety of artificial fibers extensively employed as lining in high-temperature apparatus may undergo a devitrification process that leads to significant changes in the chemical-physical properties of the materials. Among them, the crystallization of carcinogenic minerals, such as cristobalite, has already been documented for alumino-silicate ceramic fibers. Five fibrous samples with different compositions were treated over a wide range of temperatures (20-1500ºC) and times (24-336 h) to investigate the rate and the crystalline phases that are formed as well their onset temperatures. The new phases were characterized by using a multimethodic approach: phase transformations were monitored together with thermal analysis and the new phases were investigated by using X-ray powder diffraction analysis. The crystalline:amorphous ratio was monitored by Rietveld refinement of X-ray diffraction data. Scanning electron microscopy was used to study the effect of heat treatments on the morphology of fibers, and the nanostructures were investigated by transmission electron microscopy (TEM). The results show that the main crystalline phases are cristobalite, diopside, mullite, and zirconia. The onset of cristobalite was observed at temperature lower than that thermodynamically expected. The TEM analysis showed that protostructures were present in the material vitrified from sol-gel-derived products, which can act as crystallization nuclei. The study shows that the devitrification leads to health hazard due to the formation of inhalable powder of cancerogenic crystalline phases.
INTRODUCTION
An ever-increasing number of industrial sectors makes extensive use of ceramic alumino-silicate or ceramic-based fiber materials, particularly for lining hot faces of mill furnace walls and roofs, where their outstanding heat insulation properties confer substantial energy conservation benefits and minimize the fuel required.
Fibers are divided into naturally occurring and man-made (synthetic) fibers. Each of these groups can be subdivided into 'organic' and 'inorganic' fibers. Man-made vitreous fibers (MMVFs) are a large subgroup of inorganic fibers. 'Vitreous' fibers are currently the most important group of fibers, although in future crystalline fibers (e.g. fibers from aluminum *Author to whom correspondence should be addressed. Tel: þ39-075-5852656; fax: þ39-075-5852617; e-mail: comodip@unipg.it oxide, silicon carbide, silicon nitride, and carbon) may become increasingly important. MMVFs are made from glass, natural rock, or any readily fusible slag and are all amorphous silicates. The terms 'glass', 'rock', 'slag', and 'ceramic' fibers refer to the starting materials. These terms are commercially used and are now also used in the scientific literature.
After the cessation of natural asbestos utilization, the use of vitreous fibers is increased, and their use is constantly increasing in the field of thermal, electric, and acoustic insulation.
These materials are characterized by chemical and physical high stability; they are not combustible and very resistant to humidity and corrosive chemical agents; they possess a very good weight-hardness ratio; and they are endowed with high flexibility and high insulation efficacy.
Among these materials, refractory ceramic fibers (RCFs) are defined by the Chemical Abstract Service (CAS: 142844-00-6) as those fibers with a weight percentage composition variable between 20 and 80% in alumina, 20 and 80% in silica, and low percentage of other oxides and with high thermal resistance. They are used as insulators for industrial plant components exposed to very high temperature, for the caulking of melting furnaces as well as in thermal treatment plants, where the temperature is generally .1000-1200°C.
The RCF products are in the form of blocks, modules, or blankets. The alumino-silicate fibers are, at the outset, either fully amorphous (containing 40-60 wt% alumina) or crystalline (with an alumina content of 70-100 wt%).
In the past, thanks to scientific progress and to the constant improvement of industrial processes, it was possible to study, and then to produce, fibrous materials with less and less biopersistence and ever-increasing biosolubility, less hazardous for the professionally exposed subjects. New fibrous materials have been produced and are defined as 'ecological' for their chemical composition (percentage content of alkaline earth oxides .18%) and with a moderate pulmonary biopersistence.
Some studies (Butler and Byson, 1997; Dyson et al., 1997; Brown, 2000) have recently showed that the fibers, after ordinary working use at temperature .1000-1200°C, can devitrify partially or completely with the formation of mullite (Al 6 Si 2 O 13 ), cristobalite (SiO 2 ), and other high-temperature crystalline silica polymorphs. Devitrification, with the expected structural changes, can occur during the normal service life of such products, and this will affect the physical properties of the material.
Currently, the International Agency for Research on Cancer (IARC) classifies the principal kinds of vitreous fibers (e.g. glass wool, mineral wool, and waste wool) in the 'Group 3' ('not classifiable as to its carcinogenicity for humans'), considering only the most biopersistent materials, such as the RCF and some glass wools used for particular aims, among the 'possibly carcinogenic materials to humans' (Group 2B). However the potential health hazards that may result from exposure to dust originating from such materials are thought to arise from both the fibrous nature of the products and the formation of crystalline silica phases as devitrification products.
Therefore, the activities that expose the workers to inhalation of RCF, predominantly during operations of maintenance, removal, and disposal, can entail at the same time exposure to powders containing crystalline silica and in particular cristobalite, substance classified by IARC in Group 1 as 'definitely carcinogenic to humans'.
One of the main problems about the fibers devitrification was the definition of the time and temperatures of the onset of crystalline phases. It was observed (Dyson et al., 1997; Mackinnon et al., 2001 ) that their formation may occur at temperature lower than that expected. The nucleation of crystalline phases out of stability field could be induced by chemical interferences, for example, the presence of alkaline cations such as Na, Li, K, and Cs that destabilizes the amorphous silica (Venezia et al., 2001) . Although this phenomenon has a great relevance, since dramatic change of the technical properties of the materials can occur coupled with the carcinogenic phase crystallizations at unexpected condition, the kinetics of crystallization process in alumino-silicate ceramic fibers is not well defined.
Moreover, there is no information about the possible crystallization process occurring in 'ecofibers'. This study presents the results of a thermal evolution study of both RCF and mineral wools with 'bio-solubility' evidence. Several kinds of fibers were studied at different temperature with different heating protocol. The temperatures of phase transformation were preliminary determined by thermogravimetric analysis (TG), and then the samples, thermally treated with a static furnace, were investigated by X-ray powder diffraction analysis. The quantification of the crystalline phases as well of the amorphous content was performed by Rietveld-reference intensity ratio (RIR) method (Rietveld, 1969) .
The structure at nanoscale of the fibers before the thermal treatment was investigated by transmission electron microscopy (TEM) to determine if the starting materials were actually amorphous, as indicated by the X-ray powder diffraction (XRD), or nanocrystalline domains were present, possibly acting as nucleation centers. The double aim is to describe the structural changes of materials at the (different) working conditions and to characterize the role played by the chemical components as well as by the nanostructures on the nucleation of dangerous crystalline phases.
MATERIALS AND METHODS
The RCFs analyzed were as follows: an aluminosilicatic fiber ('Pat-1'), an alumino-silicatic fiber with carbon ('Carborundum'), an alumino-silicate fiber with Zr ('Zr-fiber'), a fiber with a prevalent alumina content ('Rf-Milled'), and a fiber at prevalent alkalisilica composition but with contents of calcium and magnesium oxides .18% ('Ecofiber'). The first four materials are 'alumino-silicates' as their chemical compositions have a prevalence of silicon and/or aluminum, characterized by a high thermal resistance, and are used to caulk kilns and furnaces where the temperatures are generally .1000-1200°C.
The material named 'Ecofiber' for its chemical composition is considered 'biosoluble'. However, this material during its use can reach temperatures up to 1200°C but, as pointed out in the technical data sheet, 'the continuous use at temperatures superior to 900°C can bring the cristobalite formation'. 'Ecofiber' is actually the most largely used for its chemical composition, less biopersistent and more soluble than RCF in biological fluids.
The unused materials after characterization were thermally treated with a laboratory furnace reaching temperatures of 1600°C for variable time from 24 up to 360 h. The analytical methods used to characterize the unused and treated samples were as follows.
Scanning electron microscopy
The unused and heated fibers were studied using a Philips SEM 515, operating at 15 kV with a beam size of 2000 Å (200 nm). Samples were prepared by cutting a small section of the ceramic fiber from the bulk sample. This was then glued to the sample holder with a conductive aluminum tape. Conductive carbon coating of the samples was made because of the electrically insulating nature of the fibers. The chemical analysis was obtained by an energy dispersive spectrometer (EDS) ( Table 1 ). The morphology of fibers was observed by secondary electrons observed after a thin-film metallization of the samples with Pd/Au to have a more contrasting images.
X-ray diffraction
We used a Philips PW-1830 powder diffractometer (Bragg-Brentano geometry, h À 2h), equipped with a copper anode (k 5 1.54056 Å ) and monochromator on diffracted beams. The powder samples were mixed with a known amount of 10 wt% of silicon metal, used as internal standard to determine the amorphous content (silicon powder used as a standard is NIST-SRM640b). Data were collected in 2h range between 5 and 100°, with a step-size of 0.02°and a time-per-step of 15 s. The crystalline phases were identified by the Powder Diffraction File and the amount of crystalline phases present in all the samples, as well as the amorphous content, was obtained by Rietveld-RIR method (Rietveld, 1969; Hill and Howard, 1988; Young, 1993; Comodi et al., 2004) using the software GSAS (General Structure Analysis System; Von Dreele and Larson, 1998) . Rietveld scale factor is correlated to the amount of each phase present in the sample by the following relationship:
where % i is the weight percent of phase i, s i is the refined Rietveld scale factor, Z is the number of formula units per unit cell, M is the mass of the formula unit, and V is the volume of the unit cell. The equation is based on the assumption that all components in the mixture are crystalline, but when amorphous material may also be present, a crystalline internal standard has to be added to the sample to obtain the absolute weight fractions. To obtain the absolute concentration of the ith phase, the following equation may be used:
where %(IS) added is the weight percent of the internal standard (IS). All the crystalline phases were identified and included in the model for full-profile refinement using the GSAS computer package (Von Dreele and Larson, 1998) . Scale factor, background (12 terms polynomial shifted Chebyschev function), zero shift, peak profile, and cell parameters were refined. Neutral atomic scattering factors were used. The pseudoVoigt profile function proposed by Thompson et al. (1987) was used to fit the experimental pattern. The asymmetry correction of Finger et al. (1994) was applied. Quantitative calculations for phase analysis were then performed and the results are reported in Table 2 . The lower detection limit is 0.5 wt%.
Thermal analysis
The thermo-induced phase changes, on unused samples, were studied by TG, differential thermal Devitrification of artificial fibersanalysis (DTA), and differential scanning calorimetry in a temperature range between 25 and 1500°C. The calorimetric analyses were performed using a thermoanalyzer Netzsch 490C Jupiter, with the following protocol: T-increase of 10°C min À1 and air flux of 20 ml min
À1
; only in the case of the carbon fiber, the measure was repeated in N 2 flux.
Transmission electron microscopy
Samples for TEM (belonging to the Ecofiber, Pat-1, and Zr-fiber samples) were prepared by gentle grinding of the unused fibers in an agate mortar in ethanol and deposition of the suspension on a holey carbon film. TEM observations have been carried out on a field emission gun FEI Tecnai F20 super twin electron microscope equipped with Gatan Slow Scan CCD 794 and operated at 200 kV at the Earth Sciences Department of Milan (Italy). High-resolution images and electron diffraction patterns of the three above-mentioned samples are shown in Fig. 1 .
RESULTS

Unused materials
Scanning electron microscopy (SEM) images, with secondary electrons, of the unused samples are showed in Fig. 1a -e. Analysis of fiber diameter distributions reveals for all samples have a large distribution varying generally from 2 to 10 lm.
The X-ray powder diffraction patterns show that the unused materials (Figs 3, 4, 6 , and 7), with the exception of Rf-Milled, are completely amorphous and the only diffraction effects are due to the metallic silicon mixed with the sample as internal standard.
The TEM high-resolution images of the Ecofiber sample show the presence of nanocrystals (,10 nm) dispersed in an amorphous matrix (Fig. 2a) . The electron diffraction pattern, represented by almost continuous rings (Fig. 2a) , is compatible with that of a diopside-type structure (monoclinic with a $ 9.76, b $ 8.93, c $ 5.26 Å , and b $ 105.8°; Cameron and Papike, 1980) . The evidence of diopside nanocrystals was supported by TEM/EDS analysis. The high-resolution images of the Pat-1 and Zr-fiber show localized clusters of nanocrystals with dimensions of $5 to 10 nm (Fig. 2b,c) . The electron diffraction patterns are compatible with those of mullite 3:2 (orthorhombic with a $ 7.54, b $ 7.69, and c $ 2.88 Å ; Fischer et al. 1994 ) and zirconia-type structure (cubic with a $ 5.09 Å ; Bucko, 2006) , respectively.
The comparison of the results from X-ray powder diffraction and TEM analyses indicates that Ecofiber, Pat-1, and Zr-fiber fibers are completely amorphous at the X-ray diffraction scale but are crystalline at the electron diffraction scale. This is because nanocrystalline domains (,10 nm), randomly disposed in a three-dimensional space, lead to amorphous-like X-ray diffraction patterns, especially when dispersed in an amorphous matrix. Heat-treated materials Pat-1. As shown by the X-ray investigation (Fig. 3) , this material remains amorphous if treated for 24 h at 950°C. The DTA shows a peak at 1014°C. The difference in the crystallization temperature, observed with two techniques, is probably related to different heating conditions. Extending the heating time to 1 week at 950°C, the only crystalline phase found by X-ray powder diffraction was mullite. It was required to increase the temperature at $1350°C for 24 h to observe the nucleation of cristobalite. Rising the temperature up to 1500°C, we did not observe any further changes but only the progressive reduction of the amorphous content (Fig. 3) . The SEM analysis of heated sample showed the strong fragmentation of the fibers along the transversal axis, whereas the diameters remained nearly unchanged.
Zr-fiber. The starting crystallization temperature of mullite in Zr-fiber was observed at 950°C by XRD analysis and at 1037°C by thermal analysis (TA). As already mentioned, the difference is ascribable to the different heating rate. At higher temperatures, the crystallization of Zirconia (ZrO 2 ) and Mullite (3Al 2 O 3 Á2SiO 2 ) was observed (Fig. 3) . At 1200°C for 24 h, the complete crystallization of the fiber occurs and significantly strong peaks ascribable to cristobalite were observed together with those of mullite and zirconia (Fig. 4) .
Carborundum. The TA of this fiber (Fig. 5d) shows three exothermic peaks at temperatures ,400°C, and further one at 1014°C, with a loss of weight of $6% within the T-range investigated when the sample was heated in air. The TA under N 2 atmosphere did not show these peaks. Several papers, concerning coal combustion for example, ascribed low-temperature exothermic peaks (e.g. Umar et al. 2007 ) to combustion. These considerations, associated to the evidence that three peaks appear only when the TG are performed in air, but disappear when N 2 atmosphere was used, allow us to relate these peaks to the combustion effects of carbide residuals. Rf-Milled. The XRD pattern of this sample, without thermal treatment, shows Bragg peaks of the low-T alumina polymorph, coming from the sol-gel synthesis (Fig. 6) . The TA shows a phase transition at $1360°C, likely due to phase transition among alumina polymorphs.
Mineral wool 'Ecofiber'. The XRD pattern of this fiber heated at 700°C for 6 days showed a complete amorphous nature. Heating at same temperature for 7 days, low-intensity peaks ascribable to diopside (CaMgSi 2 O 6 ) were observed (Fig. 7) . The diopside was the only crystalline phase up to 1200°C. However, maintaining this temperature for more days, it was possible to observe the onset of cristobalite. After 7 days at 1200°C, cristobalite peaks were found (Fig. 7) . The complete crystallization was obtained after 2 weeks at 1200°C. When temperature was increased to 1300°C, the fiber underwent a complete smelting.
Rietveld analysis
Since we used an internal standard, we evaluated the quantitative mineralogical composition, as well the amorphous:crystalline ratio. We focused the attention of the kinetic of the crystallization and we intended to study the effect of temperature and time on the devitrification process. In particular, in Pat-1, we maintained constant heating time and increased the temperature, and on the other hand, in Ecofiber, we maintained constant temperature and increased the heating time. The results of quantitative analysis performed with Rietveld method on samples Pat-1 and Ecofiber are reported in Table 2 . Such results show that the devitrification process is governed not only by temperature but also by time. For example, in Pat 1, the tridymite and cristobalite occur at 1300°C and slightly increase at 1500°C. On the other hand, in Ecofiber, tridymite and cristobalite (the high-temperature SiO 2 polymorphs) occur with mullite and diopside, as crystalline phases. Increasing the heating time from 3 days to 2 weeks at the same temperature, the SiO 2 polymorphs content increases significantly, while the amorphous content decrease and definitely disappear for heating time over 7 days. 
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CONCLUSIONS
The principal aim of this study was the characterization of the devitrification process that involves various types of RCFs and one of the 'mineral wool' type. The different techniques used to study the samples allow us to outline the following conclusions:
(1) The Ecofiber shows an incipient melting .1300°C; the other samples do not show phenomena of revitrification even though carried at temperatures .1500°C. (2) The crystallization of various crystalline phases is not only influenced by the temperature but also by the heating process. Under working conditions, the mineral wools are kept to high temperatures for periods well longer than those reproducible in laboratory. (3) In all the samples, the cristobalite, which has an expected crystallization temperature of 1470°C, occurs out of its stability field. Recently, Venezia et al. (2001) showed that alkaline cations, in particular Na, can destabilize the amorphous silica, leading to the crystallization of cristobalite at temperatures lower than those of equilibrium. A low content of sodium is present in Pat-1 and Zr-fiber. (4) Moreover, the TEM observations revealed the presence of crystalline nanodomains at ambient conditions in unused fibers of Ecofiber, Pat-1, and Zr-fiber. These protostructures, commonly present in the material vitrified from sol-gel-derived products, can act as crystallization nuclei. (5) The effect of temperature favors the growing of crystals in a significantly short timescale, as detected by X-ray powder diffraction in heated fibers. (6) During the devitrification process, the toxicological properties of the fibers increase since powders containing carcinogenic crystalline phases are nucleated. As a consequence, every industrial strategy reducing sol-gel protostructures will be welcome because they will increase of technical performance of the fibers and will reduce the toxicological hazard.
In the light of data here reported, about the fibers' transformations when heat treated, we believe that the criteria of carcinogenicity classification based only on biopersistence evidences on untreated vitreous fibers (McConnell, 2000; Grimm et al., 2002) should be reconsidered taking into account the devitrification phenomena that occur at working temperature.
